AND CONCLUSIONS 1. Recordings were made from single SI cortical neurons in the anesthetized macaque monkey. Each isolated cortical neuron was tested for responses to a standard series of mechanical stimuli. The stimuli included brushing the skin, pressure, and pinch. The majority of cortical neurons responded with the greatest discharge frequency to brushing the receptive field, but neurons were found in areas 3b and 1 that responded maximally to pinching the receptive field. A total of 68 cortical nociceptive neurons were examined in 10 animals.
1. Recordings were made from single SI cortical neurons in the anesthetized macaque monkey. Each isolated cortical neuron was tested for responses to a standard series of mechanical stimuli. The stimuli included brushing the skin, pressure, and pinch. The majority of cortical neurons responded with the greatest discharge frequency to brushing the receptive field, but neurons were found in areas 3b and 1 that responded maximally to pinching the receptive field. A total of 68 cortical nociceptive neurons were examined in 10 animals.
2. Cortical neurons that responded maximally to pinching the skin were also tested for responses to graded noxious heat pulses (from 35 to 43, 45, 47, and SOOC). If the neuron failed to respond or only responded to 50°C the receptive field was also heated to temperatures of 53 and 55 "C. Fifty-six of the total population of nociceptive neurons were tested for responses to the complete series of noxious heat pulses: 46 (80%) exhibited a progressive increase in the discharge frequency as a function of stimulus intensity, and the spontaneous activity of two (4%) was inhibited.
3. One population of cortical nociceptive neurons possessed restricted, contralateral receptive fields. These cells encoded the intensity of noxious mechanical and thermal stimulation. Sensitization of primary afferent nociceptors was reflected in the responses of SI cortical nociceptive neurons when the ascending series of noxious thermal stimulation was repeated. The population of cortical nociceptive neurons with restricted receptive fields exhibited no adaptation in the response during noxious heat pulses of 47 and 5OOC. At higher temperatures the response often continued to increase during the stimulus.
4. The other population of cortical nociceptive neurons was found to have restricted, low-threshold receptive fields on the contralateral hindlimb and, in addition, could be activated only by intense pinching or noxious thermal stimuli delivered on any portion of the body. The stimulus-response functions obtained from noxious thermal stimulation of the contralateral hindlimb were not different from cortical nociceptive neurons with small receptive fields. However, nociceptive neurons with large receptive fields exhibited a consistent adaptation during a noxious heat pulse of 47 and 5OOC. 5. Based on the response characteristics of these two populations of cortical nociceptive neurons, we conclude that neurons with small receptive fields possess the ability to provide information about the localization, the intensity, and the temporal attributes of a noxious stimulus. These neurons are likely, therefore, to be involved in the sensory-discriminative aspects of pain. Cortical nociceptive neurons with large receptive fields do not appear able to provide information about the localization of a noxious thermal stimulus on the body surface or about the temporal character of thermal pain. However, they could signal the occurrence and the intensity of noxious thermal stimulation. The response characteristics of these cells makes them better suited to play a role in cortical arousal or in the motor adjustments that occur as a result of noxious stimulation. INTRODUCTION It has now been well established that a great number of neurons in the primary somatosensory cortex respond to mechanical stimulation of the skin and to the movement of joints, but the role of the primary somatosensory cortex in processing nociceptive information remains unresolved (44). One of the earliest arguments against the participation of the cortex in nociception was presented by Head (19) . He concluded, based on observations of patients with thalamic pain syndrome, that pain sensitivity was not represented in the somatosensory cortex, although he recognized that the cortex may play a role in the localization of a painful stimulus. Later observations by Penfield and Rasmussen (46) supported Head's conclusions, since electrical stimulation of human somatosensory cortex rarely elicited reports of pain. Further, ablation of the somatosensory cortex was infrequently a successful procedure for intractable pain (54) . However, others reported that combined removal of the precentral and postcentral cortex can relieve intractable pain (38). Mountcastle and Powell (45) reported a small number of neurons in primate SI somatosensory cortex with large, complex, often ipsilateral receptive fields that responded to noxious stimulation. These cells would not be expected to participate in the localization of a noxious stimulus, and they were not tested for the ability to code graded intensities of noxious stimulation.
By contrast, other lines of evidence suggested that the primary somatosensory cortex may be involved in pain sensitivity. Dejerine and Mouzon (9) found that a slight head wound caused the loss of appreciation of a pinprick as painful. In addition, there was also a loss in sensibility to heat, cold, and vibratory stimuli in about the same areas of the body; however, tactile acuity, localization, discrimination, and form recognition remained normal. Other studies of cortical head wounds in the area of the somatosensory cortex found that thermal and pain sensations were quantitatively only slightly better preserved than were tactile sensations (48) . Kleist (32) observed numerous men with parietal head wounds that were hypalgesic and hypothermesthetic. He attributed these sensory losses to lesions located in the anterior portion of the postcentral gyrus. Foerster (14) also observed patients with destruction of the postcentral gyrus, whose deficits ranged from total hemianalgesia of half the body to hypalgesia confined to a portion of one limb. Foerster concluded that deficits in pain sensation were more likely to recover, while deficits in tactile modalities were more likely to persist. Further, large cortical lesions were more likely to produce deficits in pain sensations than were small cortical lesions. Russell's (50) conclusions were diametrically opposed to those of Foerster. Russell selected for study patients with superficial cortical wounds near the central sulcus, and these patients had sensation affected in a portion of one extremity. Small penetrating wounds on the posterior bank of the central sulcus caused a loss of all forms of sensation, including pain, on the contralateral limb. Superficial wounds that were located more posterior caused a loss of all tactile discriminative functions but not pain, heat, or cold. Russell pointed out that large cortical lesions that destroy the sensorimotor cortex produced deficits of all forms of cutaneous sensibility, but the appreciation of pain, temperature, and vibration usually recovered. These data led Russell to the paradoxical conclusion that "while limited wounds of the Rolandic area often caused permanent loss of all forms of sensation in a contralateral limb, gross injuries to the same area permanently destroy discriminative functions only" (46, p. 94) . Marshall (40) also selected a population of patients with cortical wounds limited to the posterior bank of the central sulcus. Marshall extensively studied 18 patients, each of whom had unequivocal evidence of a superficial cortical wound. Eleven patients displayed gross impairments or absence of cutaneous pain appreciation. In summary, there is clinical evidence to suggest that superficial wounds of the primary somatosensory cortex produce major impairments in sensitivity to cutaneous pain (see Ref. 5 1 for complete review).
Physiological evidence also suggests that the cortex may receive nociceptive information. Many thalamic nociceptive neurons responsive to noxious cutaneous stimuli can be antidromically activated by electrical stimulation applied to the pial surface of SI somatosensory cortex (27) . In 12 instances, microstimulation within the cortex more precisely identified the termination sites of thalamic nociceptive neurons responsive to noxious cutaneous stimulation. The majority of successful microstimulation points were in or just beneath the gray matter of areas 3b and 1 of the somatosensory cortex. These data indicated that the ventral posterior lateral nucleus of the monkey thalamus receives nociceptive information from cutaneous nociceptors and then relays this information to the primary somatosensory cortex. Recently, Lamour et al. (37) described a population of neurons in the somatosensory cortex of the rat that responded to noxious thermal stimulation of the hindlimb and tail.
The purpose of the present investigation was to document the existence of a population of cells in the somatosensory cortex of the monkey with the capacity to encode the intensity of noxious mechanical and thermal stimulation.
A second goal was to attempt to correlate the discharge patterns of cortical nociceptive neurons obtained from noxious thermal stimulation with the psychophysical attributes of thermal pain in humans. Preliminary reports of these experiments have been given (28) (29) (30) .
METHODS
Experiments were performed on 10 young adult macaque monkeys (Macaca fascicularis).
As in previous experiments (27, 3 l), anesthesia was induced with a mixture of halothane, nitrous oxide, and oxygen. Gas anesthesia was discontinued and an injection of a-chloralose (80 mg/kg) maintained the anesthesia. A stable level of anesthesia, as judged by miosis, was produced by a constant infusion of sodium pentobarbital(4-5 mg l kg-' l h-l). During recording sessions the animal was paralyzed, artificially ventilated, and end-tidal CO2 concentration kept between 3.5 and 4.5%. Body temperature was regulated near 37.5 "C by a feedback-controlled electric blanket. A craniotomy exposed the dura overlying the sensorimotor cortex. After the animal's head was placed in a stereotaxic frame and the dura reflected, a Plexiglas ring was cemented to the surrounding skull and filled with mineral oil. A second piece of Plexiglas, attached to a micromanipulator, was then positioned above the ring and served to close the chamber and prevent pulsations. A tungsten microelectrode (9-12 mQ at 1,000 Hz) was introduced into the chamber and the somatosensory cortex was systematically searched in 0.5-mm intervals. In the initial series of experiments, caudal areas of the somatosensory cortex were searched for nociceptive units and the electrode was advanced toward the central sulcus. However, in later experiments no attempt was made to search caudal areas of the somatosensory cortex.
As the microelectrode advanced through the cortex, cellular activity was evoked by tapping on the appropriate region of the hindlimb. Each cell isolated from surrounding activity was tested for responses to graded intensities of mechanical stimulation. Mechanical stimuli included brushing the receptive field with a cotton swab (light touch), application of a large arterial clip (pressure), and application of a small arterial clip (pinch). Pulses from the window discriminator were fed to a PDP-12 computer for on-line compilation of peristimulus time histograms during the series of mechanical stimuli. For neurons with a preferential response to application of the small arterial clip, the size of the receptive field was mapped using mechanical stimuli. A Peltier thermal stimulator (25) was placed on the area of the receptive field most sensitive to mechanical stimulation and the skin adapted to 35°C. The surface area of the thermal stimulator was 18 cm2, but only a sufficient area necessary to cover the receptive field was placed in contact with the skin. The rate of temperature change was 2"C/s. After a 4-min adaptation period, the skin was heated to final temperatures of 43,45,47, and 5OOC. A 4-min readaptation period was interposed between each thermal stimulus. If the cell failed to respond during any of the noxious heat stimuli or only responded to 50°C the skin was also heated to 53 and 55 "C. Sixty-seven percent of the population of cortical nociceptive neurons were tested with temperatures of 53 and 5 5 "C. This procedure ensured that most nociceptive neurons responded in a graded fashion to at least two consecutive noxious thermal stimuli. Once an area of skin received noxious thermal stimulation, that area was not used again. The contributions of warm or cold receptors and slowly adapting mechanoreceptors to the response from noxious heat pulses were assessed by cooling the receptive field from 35 to 30°C. The nonspecific influences of the noxious heat (i.e., changes in arousal or blood pressure) were tested by delivering a 50 or a 55 OC stimulus outside the area of the receptive field, usually on the opposite hindlimb.
Pulses from the window discriminator were used to trigger a PDP-12 computer for on-line data analysis. Single-pass peristimulus time histograms with l-s bin were computed and stored on computer tape for further analysis. The pulses from the window discriminator were also stored on FM tape along with a temperature record of In some instances, on completion of data collection, an electrolytic lesion ( lo-20 PA for lo-20 s) was made to mark the recording position of the electrode. After recordings were made from each somatosensory cortex, the animal was perfused with 10% buffered Formalin and the tissue postfixed for several days. Frozen sections (50 pm) were cut in a parasagittal plane and stained with cresyl violet. Sections with lesion were traced and the appropriate cytoarchitectonic borders were labeled according to Jones et al. (23) .
RESULTS
In 10 monkeys a total of 68 ST cortical neurons were encountered that responded with a progressive increase in discharge frequency as the intensity of a mechanical stimulus was graded into the noxious range. Generally, neurons classified as nociceptive were found in areas of the somatosensory cortex that contained a preponderance of cells that responded to pressure on the skin with a slowly adapting discharge. As in previous work (27) , many neurons responsive only to innocuous mechanical stimuli were disregarded. The objective of the present study was to demonstrate the existence of SI cortical neurons responsive to noxious mechanical and thermal stimuli. The receptive fields of cortical nociceptive neurons were classified according to their responses to natural stimulation of the receptive field. Wide dynamic range (WDR) cortical nociceptive neurons responded to stimuli known to activate low-threshold mechanoreceptors. The threshold for tactile stimulation, as determined by the bending force of von Frey filaments, was 100 mg or less. However, the highest peak frequencies were obtained with noxious stimulation. High-threshold cortical nociceptive neurons (HT) responded only to strong mechanical stimulation with von Frey thresholds exceeding 4 10 mg or more. They responded best to overtly noxious stimuli, such as pinching the skin with forceps. The population of cortical nociceptive neurons included 37 WDR neurons and 31 HT cortical neurons. Of the total population, the recordings from 56 were stable enough to deliver the complete series of tactile and thermal stimuli. Forty-six neurons (80%) exhibited a progressive increase in the discharge frequency, and the spontaneous activity of two (4%) was inhibited by noxious heat pulses delivered to the skin. Thirty-four cortical nociceptive neurons responsive to noxious heat stimuli possessed restricted, contralateral receptive fields. Restricted receptive fields were defined as confined to one limb. In many instances the receptive fields were small and encompassed the skin over parts of one or two digits. By contrast, 12 neurons responded to low-threshold tactile stimulation on the contralateral hindlimb and, in addition, were activated by intense pinching on any portion of the body. All such neurons responded to noxious heat stimulation delivered on any portion of the body. Often the largest response to noxious thermal stimulation was obtained from areas other than the contralateral hindlimb. A large receptive field was defined as encompassing at least two limbs. All neurons of this type were classified as WDR, since they responded to innocuous mechanical stimulation of the contralateral hindlimb.
Cortical nociceptive neurons with small receptive fields
An example of the responses of a HT cortical nociceptive neuron is illustrated in Fig.  1 . The receptive field, as determined by mechanical stimulation, was confined to the glabrous skin of the hallux. The recording site was marked with an electrolytic lesion and was located at the junction of areas 3b and 1 (Fig. lB, dashed line represents the middle of layer 4). A peristimulus time histogram of the response to the series of mechanical stimuli is shown in Fig. 1 C. The tactile threshold was 1.2 g (diameter of von Frey hair 0.25 mm) and the cell was classified as HT. An analysis of variance of the discharge rate before, during, and after stimulation showed that brushing the receptive field with a cotton swab did not produce a statistically significant response vvz 36) = 2.9 and P > 0.05). The largest response to mechanical stimulation was obtained after the application of the small arterial clip (pinch). A noxious heat pulse also evoked a large response. The low discharge rate of the cell during a 35 "C adapting temperature is shown in Fig. 1D (upper trace) . Elevation of the skin temperature to 50°C produced a sig- Fig. 1E (responses to complete ascending series of noxious thermal stimuli are illustrated in Fig. 2 ). An analysis of variance comparing the average activity 30 s preceding the stimulus with the activity during heat stimulation showed an increased discharge rate that was statistically significant (F(1, 58) = 127.5 and P < 0.001).
Delivery of an ascending series of noxious heat pulses determined if the discharge frequency increased as a function of the intensity of thermal stimulation. The responses to an ascending series of noxious heat stimuli delivered within the receptive field are illustrated in Fig. 2 (same cell as illustrated in Fig. 1) . A small response was obtained to heating the skin from 35 to 43OC (Fig. 2A,  position I ). Each increase in the intensity of the noxious heat pulse elicited an increase in the peak frequency and in the total magnitude of the response. The responses of this cell to noxious heat stimuli were characterized by a rapid rise to a peak frequency, followed by an adaptation to a new level of activity ( Fig. 24 . As a check for the possibility that the response to noxious thermal stimuli can be attributed to a nonspecific effect, a 50°C stimulus was delivered outside the receptive field, on the opposite hindlimb (Fig.  2B, position II ). Fig. 3 . The peak frequency during noxious heat stimulation is plotted as a function of stimulus intensity. Peak frequency was defined as the bin, during the noxious thermal stimulus, that contained the greatest number of impulses. An analysis of variance determined that there was not a statistical difference between the peak frequencies of HT and WDR neurons to the ascending series of noxious thermal stimuli (F( 1, 14) = 2.3; P > 0.05). However, the increase in peak frequency as a function of the intensity of noxious thermal stimulation for the population of nociceptive neurons is statistically significant (analysis of variance: F(5, 55) = 18.9 and P < 0.001). Most of the functions have a slight positive acceleration. The mean stimulus-response function is shown by the heavy black line. For the population of cortical nociceptive neurons, the first response to a noxious thermal stimulus occurred at a mean temperature of 48.9 + 3.5 (SD)"C. The averaged responses of 29 -HT and WDR cortical nociceptive neurons to an ascending series of noxious thermal stimuli are illustrated in Fig. 4 . The response to 47 and 50°C noxious heat pulses is characterized by a sharp onset of response that reaches a peak and then declines to a relatively level rate of discharge. Unlike spinothalamic and thalamic nociceptive neurons, cortical nociceptive neurons with small receptive fields were characterized by either a slow adaptation, no adaptation, or an increase in discharge frequency during noxious thermal stimulation. It should be noted that a small number of neurons (18%) such as the one illustrated in Figs. 1 and 2 , exhibited a slow adaptation in the discharge rate during a noxious heat pulse. The majority (53%) exhibited no adaptation, and 29% exhibited an increase in the discharge frequency during the noxious thermal stimulus. In past experiments on spinothalamic tract and thalamic nociceptive neurons, time constants were fitted to describe the decrease in discharge frequency of the population response during noxious thermal stimulation (27, constants (T = l/k) were determined from the formula N = eWkt where N equals the response frequency at any time (t) following the peak frequency and k is the slope of the line of best fit. Time constants fitted to the decline in discharge frequency of cortical nociceptive neurons approached infinity for 47°C and 384 s for 50°C. Time constants could not be fitted to the discharge frequency obtained during stimuli of 53 and 55 "C, since the line of best fit had a positive slope. Sensitization of nociceptors by prior noxious heat stimulation is reflected in the activity of spinothalamic and thalamic nociceptive neurons. Similarly, nociceptor sensitization was reflected in the responses of five SI cortical nociceptive neurons. The effect of repeating the ascending series of noxious thermal stimuli produced a statistically significant increase in the peak frequency (analysis of variance: F( 1, 20) = 9.6; P < 0.01). An example of an individual cell's responses to the first ascending series of noxious heat pulses are shown in Fig. 5A-D . Repetition of the series of noxious heat stimuli elicited a consistent increase in both the peak frequency and in the total number of impulses during the stimulus (Fig. SE-H) .
SI cortical nociceptive neurons with large receptive fields
Twelve SI cortical neurons were found to have small, low-threshold mechanical receptive fields on the contralateral hindlimb and a higher mechanical threshold receptive field encompassing the entire body. These were classified as wide dynamic range units. All of these units responded to noxious heat pulses delivered to any portion of the body. The largest responses to noxious thermal stimulation were often obtained from the high-threshold portion of the receptive field. An example of this type of SI cortical nociceptive neuron is depicted in Fig. 6 . The wide dynamic range portion of the receptive field covered an area along the medial surface of the hindlimb (Fig. 6A, black area) . Surrounding this, and encompassing the entire body, was an area (Fig. 64 hatched area) from which the cell could be activated by only intense noxious mechanical stimulation.
Reconstruction from an electrolytic lesion indicated that the recording site was located at the junction of areas 3b and 1 (Fig. 6B) . The series of mechanical stimuli delivered on the low-threshold portion of the receptive field are illustrated in Fig. 6C . The response obtained from brushing the receptive field was statistically significant from the spontaneous discharge rate. A noxious heat pulse also produced an increase in the discharge frequency (Fig. 60) . Cortical nociceptive neurons with large receptive fields exhibited a delayed response onset to a noxious heat pulse and often increased their discharge rate throughout the stimulus. Figure 7 demonstrates the responses of a cortical nociceptive neuron to a noxious heat pulse delivered to each distal limb (same cell as illustrated in Fig. 6 ).
The stimulus-response functions of 10 of 12 cortical nociceptive neurons with large receptive fields are shown in Fig. 8 . In each case the stimulus presentation was on the contralateral, low mechanical threshold portion of the receptive field. The increase in peak frequency during the ascending series of noxious thermal stimuli is statistically significant (analysis of variance: F(5, 55) = 25.92 and P < 0.001). The mean stimulus-response function is illustrated by the heavy black line. The The heavy dark line represents the average stimulus-response formation.
cation of nociceptive neurons with small, contralateral receptive fields and of those with large, bilateral receptive fields.
DISCUSSION
A large majority of neurons in areas 3b and 1 of the somatosensory cortex were activated by innocuous forms of mechanical stimulation.
However, this study demonstrates that there is a population of neurons in areas 3b and 1 that receive and are presumed to process nociceptive information. In these studies we have not attempted to estimate the ratio of SI cortical nociceptive neurons to those responsive to innocuous forms of mechanical stimulation. Rather, the purpose of these experiments was to determine if the primate primary somatosensory cortex is capable of processing nociceptive information.
The results of this study confirm and extend the report by Lamour et al. (37) of cortical neurons responsive to noxious cutaneous stimulation of the hindlimb and tail in the rat.
In the present series of experiments, 80% of the neurons isolated that responded to noxious mechanical stimulation also responded to noxious thermal stimulation. Noxious thermal stimuli are known to alter the discharge rate of a number of cutaneous receptors: A-6 nociceptive afferents, C polymodal nociceptors, cold receptors, warm receptors, and slowly adapting mechanoreceptors. The responses of cortical nociceptive neurons to noxious thermal stimulation may be attributed to activation of C polymodal nociceptors (3, 4, 8, 33, 36), A-6 thermal nociceptors (2, 11, 15, 22) , and A-6 mechanical nociceptors (5, 43). Cold receptors decrease their discharge rate to skin warming, whereas warm receptors increase their discharge frequency. Conversely, cold receptors increase their discharge rate to skin cooling, while warm receptors decrease their discharge frequency to skin cooling (12, 20 , 2 1, 26) . In the present experiments, the receptive field of each cortical nociceptive neuron was cooled; none altered their discharge rate. Thus, changes in the activity of either cold or warm receptors can be discounted as influencing the activity of cortical nociceptive neurons. Changes in the activity of slowly adapting mechanoreceptors also can be discounted. These receptors are known to respond to cooling the skin (6, 12). Thus, changes in the activity of cold or warm receptors as well as slowly adapting mechanoreceptors can be discounted as influencing the activity of cortical nociceptive neurons. Therefore, the activation of cortical nociceptive neurons was attributed to increased ac- tivity of either A-fiber nociceptors or C polyfirst response to noxious thermal stimulation modal nociceptors. It is also probable that occurred at a mean temperature of 49OC. It activity in A-6 nociceptors contributed to the seems likely this elevated threshold may be responses of some cortical nociceptive neu-the result of anesthesia. The monkeys were Tons, since repetitive noxious thermal stim-anesthetized with a-chloralose followed by ulation has been shown to evoke responses supplements of Nembutal. We have prelimin these receptors (5, 43).
inary evidence that additional Nembutal, inIn the present series of experiments the jetted intravenously, increased the noxious There are two populations of cortical nociceptive neurons. One population possesses restricted, contralateral receptive fields. Several points suggest these cells play a role in the sensory-discriminative aspects of pain. Their receptive-field sizes make them likely candidates to participate in the spatial localization of a painful stimulus. These cells encode the intensity of noxious mechanical and thermal stimulation and, therefore, have the capacity to provide information about the intensity of noxious stimulation.
The temporal pattern of their responses to noxious thermal stimuli also suggests that these neurons play a role in the sensory-discriminative aspects of pain. In previous papers, the responses of spinothalamic tract (3 1) and nociceptive neurons in the ventral posterior lateral (VPL) thalamic nucleus (27) were shown to adapt rapidly during a noxious thermal stimulus (see Fig. 11 ). For spinothalamic tract neurons, time constants that describe this adaptation were 29.7 and 18.3 s for 47 and 50°C respectively. These time constants indicated that the adaptation of spinothalamic tract neurons was inversely proportional to the intensity of the noxious heat stimulus. Nociceptive neurons in VPL, subjected to identical parameters of noxious thermal stimulation, were also characterized by a rapid adaptation after the peak frequency was reached. Time constants that describe the adaptation in discharge frequency were 28.5 for 47°C and 33.1 s for 50°C. Thus, in contrast to spinothalamic tract neurons, nociceptive thalamic neurons adapted less rapidly as the intensity of a noxious heat pulse was increased. The population of cortical nociceptive neurons exhibited almost no adaptation during a 30-s noxious heat pulse. While some individual cortical nociceptive neurons with restricted receptive fields exhibited an adaptation during the noxious heat pulse, others continued to increase their discharge rate throughout the noxious thermal stimulus. Still others did not begin to respond until midway through the stimulus. During similar prolonged thermal stimulation, human subjects report that thermal pain evoked by 45°C stimulation adapts completely in 30-60 s. The sensation of pain evoked by higher temperatures, however, remains constant or increases slightly until termination of the stimulus ( 17, 35 with restricted receptive fields are likely candidates to play a role in spatial localization and in the intensive and temporal characteristics of thermal pain. Additional evidence suggests that these cells may play a role in the sensory-discriminative aspects of pain. The responses of cortical nociceptive neurons reflect the sensitization of nociceptors.
Sensitization, or enhanced responsiveness, is proposed to be the neural basis of hyperalgesia after repeated noxious thermal stimulation (4). This attribute is found after repeated noxious thermal stimulation in the responses of nociceptors (3-5, 8, 43), spinothalamic tract neurons (31) , and VPL nociceptive neurons (27, 47 (18) demonstrates that after repeated painful thermal stimulation, humans consistently report an increase in pain sensation to stimuli of constant intensity.
A second population of cortical nociceptive neurons possess large, whole-body receptive fields. Our findings confirm Mountcastle and Powell's (45) report of neurons in areas 3b and 1 with large receptive fields that were responsive to noxious stimulation.
The receptive-field characteristics of these cells differed markedly from those with restricted receptive fields. All of the cells with large receptive fields were characterized by an area on the contralateral hindlimb that is responsive to low-threshold tactile stimulation. The stimulus-response functions to noxious thermal stimuli on the wide dynamic portion of the receptive field did not differ from those obtained from cortical nociceptive neurons with small receptive fields. Cortical nociceptive neurons with large receptive fields possess the capacity to provide information about the intensity of noxious thermal stimulation.
Outside the wide dynamic range portion of the receptive field, only intense noxious mechanical and thermal stimuli increased the discharge frequency of the cell. Often noxious thermal stimuli delivered to this portion of the receptive field produced the largest increase in discharge frequency. In contrast to cortical neurons with restricted receptive fields, those with large receptive fields adapted during noxious thermal stimulation.
The response characteristics of these neurons cannot account for either the localization or the temporal character of thermal pain, but they could signal the occurrence and the intensity of noxious stimulation.
The response characteristics of these cells makes them better suited to play a role in cortical arousal (39).
Cortical nociceptive neurons with large receptive fields bear a striking resemblance to spinothalamic tract neurons that project to the medial thalamus (16) and medial thalamic nociceptive neurons (1, 10). These neurons are found to have large receptive fields, often encompassing the entire body. In view of the striking resemblance of cortical nociceptive neurons to these cells, we speculate that cortical nociceptive neurons with large receptive fields may, in part, receive afferent information from the projection of the spinothalamic tract via the medial thalamus. The medial thalamus is known to project diffusely to the somatosensory cortex (24) .
Anatomically and physiologically, the thalamus has been divided into two nociceptive systems: a lateral system constituted by VPL and a medial system constituted by the medial thalamic nuclei (4 1, 42). Nociceptive neurons in the lateral system possess restricted, contralateral receptive fields and are thought to subserve the sensory-discriminative aspects of pain. Those in the medial thalamic nuclei possess large, often complex, receptive fields and are thought involved in the motivational-affective aspects of pain (1, 10). Recently, Giesler et al. (16) proposed that the activity in the medial projections of the spinothalamic tract, and hence the medial thalamus, may function as a source for cortical arousal. Our data appear to support the contention that one aspect of activity in the medial projection of the spinothalamic tract may function in cortical arousal during noxious stimulation.
Our findings of two populations of cortical nociceptive neurons, both of which are capable of encoding the intensity of noxious stimulation, suggest that the role of the primary cortex in nociception may be dual in nature. It seems probable that cortical nociceptive neurons with restricted receptive fields subserve the sensory-discriminative aspects of pain. Cortical nociceptive neurons with large receptive fields may not only be involved in the intensive aspects of pain but may be involved in cortical arousal as well.
